AND CONCLUSIONS
1. Eye movements were recorded in four rhesus monkeys, before and after bilateral ablations of the flocculi and portions of the paraflocculi ("flocculectomy"). Animals were trained to fixate and follow targets so that pursuit, saccades, and vestibular and optokinetic nystagmus could be quantitated.
2. The vestibuloocular reflex (VOR) was mildly affected by flocculectomy. In darkness the VOR gain (eye velocity/head velocity) for steps of head velocity (normal range, 0.84-0.96) increased postoperatively in one monkey to 1.17, decreased in another to 0.62, and did not change significantly in the other two (0.96, 0.94). VOR phase lead at 0.05-Hz oscillation in darkness (normal range, O,O--LOO) increased in two monkeys by 12 and 9.5 O but did not change significantly in the others.
3. Visual suppression of inappropriate vestibular nystagmus was impaired. During oscillation at 0.25 Hz with a head-fixed visual scene, the average amount of attenuation of the VOR decreased from 5 1% preoperatively to 20% postoperatively. Visual suppression of caloric nystagmus was comparably affected.
4. Smooth tracking of small targets moving in space was impaired either with the head still (smooth pursuit) or moving (cancellation of the VOR by fixating a target rotating with the head). The average gain (gaze velocity/target velocity) in either case was about 0.65 (normal, 0.95-0.98). The pursuit deficit was less than that reported after total cerebellectomy, suggesting other cerebellar structures also participate in smooth tracking.
5. Optokinetic nystagmus (OKN) was present postoperatively but, in response to a constant-velocity stimulus, the initial slowphase velocity decreased by 50% and the rise time to a steady state nearly doubled. For stimuli belowr 6O"/s the average steady-state gain was only mildly diminished to 0.86 (normal, 0.98) and the time course of optokinetic afternystagmus (OKAN) in darkness was normal. The response to higher velocity optokinetic stimuli was impaired. These abnormalities can largely be attributed to the coexisting pursuit deficit although the protracted rise to a steady state suggests a change in the ability of the brain stem optokinetic system to handle large amounts of retinal slip. 6 . Flocculectomized monkeys showed horizontally, gaze-paretic nystagmus with exponentially decaying centripetal drift (time constant, 1.56 s) and vertically, downbeat nystagmus with exponentially decaying (in three monkeys) or exponentially increasing (in one monkey) slow phases. All animals showed rebound nystagmus. These results implicate the flocculus and possibly the paraflocculus in the control of the time constant and stability of the brain stem oculomotor integrators.
7. Saccadic velocities and accuracy were normal but flocculectomized monkeys showed brief (40-150 ms duration), approximately exponential, postsaccadic drift with amplitudes up to 15% of the size of the saccade. The eyes usually drifted in the same direction as the saccade but each monkey showed an idiosyncratic pattern depending on saccade direction and eye position. Postsaccadic drift may reflect a mismatch between the phasic (pulse) and tonic (step) innervational changes that create saccades. 8. Our results indicate that the flocculus and possibly paraflocculus participate in the control of oculomotor reflexes that insure best visual acuity by preventing retinal slip. The flocculus serves both the specific needs of the fovea (pursuit, saccades, and gaze holding) as well as the phylogenetically older requisite for stabilization of images on the retina during head rotation (VOR and OKN).
9. The unpredictable effect of flocculectomy on VOR gain, postsaccadic drift, and the waveforms of vertical nystagmus may reflect the basic regulatory role of the cerebellum so that inherent imperfections in oculomotor performance are exposed by removal of the flocculus.
INTRODUCTION
The cerebellum is of major interest to both oculomotor physiologists who want to learn its function in normal ocular motility and clinical neuroophthalmologists who need to know the abnormalities of eye movements created by cerebellar disease. Westheimer and Blair (59, 60) first delineated the oculomotor syndrome of cerebellectomy in the monkey. They, and subsequently others (4) , reported that total cerebellectomy in monkeys creates enduring deficits in smooth pursuit, optokinetic nystagmus (OKN), and holding eccentric positions of gaze. Clinicians have found the same oculomotor abnormalities in patients with cerebellar disorders (1, 2, 9, 27, 38, 65, 68) .
These findings led to the conclusion that the cerebellum plays a specific role in the control of different types of eye movements and led us to ask: are different oculomotor functions relegated to specific portions of the cerebellum?
Many lines of evidence suggest that the vestibulocerebellum and flocculus in particular might be an important locus for cerebellar control of eye movements. The flocculus has long been implicated in the control of the vestibuloocular reflex (VOR)-primarily because of the intimate anatomical relationship between the vestibulocerebellum (flocculus, nodulus, portions of the uvula, and paraflocculus) and the three neuron vestibuloocular reflex arc, More recent studies have shown two distinct mechanisms by which vision is used to modulate the VOR to insure stability of images on the retina during head movements. The flocculus appears to be involved in both. First, the VOR can be adjusted "on-line," while the head is rotating, in an immediate (150 ms) response to new visual information. A typical example is the decrease in the amplitude of the VOR during visual-vestibular conflict (e.g., rotation with a head-fixed visual scene or suppression of postrotatory or caloric nystagmus). Second, the VOR can be recalibrated in a slower but more permanent way in response to persistent motion of images on the retina during all head movements. For example, the gain of the VOR (as measured in darkness) will slowly rise or fall over the course of several days if the VOR is made to seem inappropriate by optical means (reversing prisms, magnification spectacles) ( 13, 34). Ablation of the flocculus interferes with the brain's ability to make both the immediate and long-term adjustments of the VOR (18, 43, 48, 51).
We wanted to know if the flocculus also participates in the control of more voluntary types of eye movements that reflect the visual needs of animals with foveae. The presence of a highly specialized, discrete region of the retina, where images must be held for optimal visual acuity, necessitates appropriate pursuit to smoothly follow moving targets, accurate saccades to bring new images of interest promptly to the fovea, and an ability to hold images on the fovea once there. In support of this proposal electrophysiological studies in monkeys have shown that many Purkinje cells within the flocculus discharge in relationship to saccadic and pursuit eye movements as well as the position of the eye in the orbit during fixation (28, 35, 39, 40).-Thus one might predict that a lesion of the flocculus would lead to both tracking and gaze-holding deficits. It does.
METHODS

General experimental procedures
Four juvenile (6-8 lb) rhesus (Macaca mulatta) monkeys were used in this study. A coil of wire was implanted (under Nembutal anesthesia) in one eye (20) and eye movements were measured using the magnetic-field search-coil technique (11). This system has a bandwidth of 1 kHz and sensitivity of about 0.2Y. An aluminum halo was attached to the animal's skull to immobilize the BUTLER, AND GiiCER head (10). Monkeys were trained to fixate and follow targets by reinforcing good performance with a liquid reward. All data were acquired during monocular viewing with the coiled eye patched.
After preoperative testing, a suboccipital craniotomy, using Nembutal anesthesia, was performed and, with the aid of an operating microscope, the flocculi and paraflocculi were ablated by subpial suction. Corticosteroids and antibiotics were instituted before surgery and continued for IO days. Postoperatively the monkeys recovered rapidly and we began recording eye movements toward the end of the first postoperative week. The animals were killed from 6 to 12 wk after surgery. We obtained at least two complete sets of postoperative data; one in the first few postoperative weeks and another just prior to the animal's death. Animals were killed under anesthesia by intracardiac perfusion of 10% Formalin. The cerebellum and brain stem were removed en bloc and the extent of lesions noted by inspection. The cerebral hemispheres were also inspected grossly to determine the possibility of other, inadvertent lesions including hydrocephalus. The cerebellum and brain stem were then embedded in celloidin and serially sectioned every 25 pm in the coronal plane. Every 10th section was stained with thionine and examined under the microscope. The atlas of Madigan and Carpenter (32) was used to help interpret the histological sections.
Behavioral testing
The animals underwent a series of tests to assess oculomotor function. Vestibular responses were measured during both head rotation and after icewater irrigations. The frame supporting the magnetic-field coils and primate chair could be rotated en bloc either sinusoidally (0.05 and 0.25 Hz) or with steps of nearly constant velocity. At 0.05-Hz oscillation, the peak amplitude was fixed at 32"/s; at 0.25 Hz and for steps the peak velocity could be varied from 10 to 6O"/s. For steps the total angular excursion was limited to 180°. Head velocity was measured by a velocity transducer coupled to the axis of the frame. The VOR was measured during rotation in complete darkness, in the light, and with an optokinetic drum fixed to the frame. With the animal inside the stationary optokinetic drum, caloric nystagmus was induced by a unilateral ice-water irrigation of 20 ml infused over a period of 20 s. After the irrigation, the light within the drum was alternately turned on and off for periods of 15 s each to assess the effect of a stationary visual field on caloric nystagmus.
Optokinetic responses were elicited inside a rotating drum with equally sized (2.2"), alternating black and white stripes. Constant-velocity rotations were used and the light within the drum could be turned on or off during rotation. Smooth pursuit was tested by requiring the monkey to track a small black box (4+4 x 2.1") containing a small light (10' of arc). The target was 72 cm in front of the animal. The target could be moved in an approximately triangular-wave fashion and its velocity was monitored with a bandwidth of O-3 Hz. The excursion of the target was about * 30' and the velocity could be varied from 10 to 6O"/s. The same fixation target could also be affixed to the frame holding the magneticfield coils to test cancellation of the VOR during head rotation. Vertical pursuit was tested by recording eye movements as the monkey followed interesting targets (pieces of food or the tip of a water bottle) moved by the examiner. Smooth pursuit and cancellation of the VOR could be tested with an illuminated, stationary background or in an otherwise completely dark room. Before and after operation both tasks were best performed when the background was illuminated. Therefore, unless specified otherwise, all data during smooth tracking (and fixation) will reflect performance with an illuminated background. Saccadic eye movements and fixation were tested by having the monkey refixate between targets alternatively illuminated at 0 and * 10 or t20" to the side of or above and below the primary position.
When eye movements were recorded during tasks that did not require liquid reinforcement, a variety of noises as well as an occasional unsuspected liquid reinforcement were used to maintain vigilance. Furthermore, the eye movement traces were monitored on-line to detect signs of decreased alertness, usually manifest by distortion of the saccadic or quick-phase waveform.
Data analysis
All data were reproduced on-line using an ultraviolet mirror galvonometer recorder as well as stored on FM tape (net bandwidth, 1 kHz). Slowphase eye velocity was obtained by analog differentiation (bandwidth, O-5 Hz). For sinusoidal stimuli, the VOR was quantitated by measuring its gain (peak-peak eye velocity/peak-peak head velocity) and using the mean value of 10 halfcycles. During rotation with a head-fixed visual scene (visual-vestibular conflict) the amount of VOR suppression was equal to 1 -(VOR gain during visual-vestibular conflict/VOR gain in dark) expressed as a percentage. VOR phase (zero slow-phase eye velocity relative to zero head velocity) was quantitated at 0.05 Hz using the average values of each of 10 consecutive half-cycles. By convention, the phase shift was designated as zero when eye and head velocity were exactly op- posite. For step stimuli VOR gain (peak eye velocity/peak head velocity) was calculated using the maximum value of eye velocity as the eye passed through the primary position of gaze. This method was necessary because flocculectomy created gaze-paretic nystagmus so that vestibular (or optokinetic) slow-phase velocity became a function of the position of the eye in the orbit (because of centripetal drift) as well as the vestibular stimulus. By measuring eye velocity only when the eye was near the primary position, the effect of gaze-paretic nystagmus was obviated and the true contribution of the vestibular stimulus to eye velocity determined. Such a strategy could not be employed for low-frequency sinusoidal stimuli, since the eyes usually beat well into the anticompensatory direction when head velocity reached its peak. The caloric response was quantitated by measuring peak slow-phase velocity. The effect of vision on caloric nystagmus was determined by comparing average slow-phase velocity in the few seconds immediately before and after a change between light and dark. The amount of visual suppression of caloric nystagmus was equal to 1 -(slow-phase velocity in light/slow-phase velocity in dark) expressed as a percentage.
Optokinetic nystagmus (OKN) was measured during a constant-velocity drum rotation for 60 s. At the end of the rotation, either the light was turned off, to record optokinetic afternystagmus (OKAN), or the drum was stopped with the light on, to measure visual suppression of OKAN. During UKN, eye velocity was measured as the eye passed through the primary position of gaze. The initial response to an optokinetic stimulus was assessed by calculating the mean value of slowphase velocity in the first four beats of nystagmus. A rise time was estimated from stimulus onset to when eye velocity reached a maximum. A mean steady-state value was obtained by averaging slow-phase eye velocity over five consecutive cycles. An optokinetic gain was defined as mean steady-state eye velocity/drum velocity. OKAN in darkness decayed almost exponentially and a time constant was calculated by determining the time it took for eye velocity to drop to 37% of its initial value. The duration of OKAN in the light was equal to the time between stimulus offset and the cessation of nystagmus.
Smooth pursuit was assessed by measuring eye velocity as the eye passed through the primary position. A pursuit gain was calculated (eye velocity/target velocity) and a mean obtained from 8 to 10 trials when the monkey was tracking the target. Cancellation of the VOR was assessed during fixation of a target rotating with the head. During steps, slow-phase velocity was calculated by averaging the eye velocity of all the slow phases occurring within the first second of head rotation excluding the first cycle. Again, data were used only when the monkey was attending to the target.
The monkey's ability to hold fixation was tested in both the light and dark. Centripetal drift, when present, was quantitated by estimating a time constant (instantaneous eye position/instantaneous drift velocity). This measure was usually made just after an eccentric saccade using the initial (maximum) centripetal drift velocity excluding the effect of any brief (~200 ms) postsaccadic drift. Saccadic eye movements to fixation targets were analyzed afte-r replaying the eye movement records at high paper speeds (200 mm/s). Ten saccades of 10 or 20' amplitude made to and from zero (for a total of 40 saccades) were measured. Saccadic accuracy was assessed by measuring both the size of the initial rapid portion of the saccade and, if there was postsaccadic drift, the final eye position. Peak saccadic velocities were also measured, the slopes of the eye-position traces being drawn by hand.
RESULTS
General observations and extent of lesions
After the operation, the monkeys did not show any general neurological deficits. Within a few days they could ambulate and climb normally in their cages without abnormal head or body postures. Visual inspection of the monkey's eyes revealed a full range of eye movements but with horizontal nystagmus on eccentric gaze-quick phases directed centrifugally-and downward-beating nystagmus in the primary position. It was difficult to be sure of any other oculomotor abnormalities.
Toward the end of the first postoperative week, the monkeys could perform the behavioral tasks and recording of eye movements was begun,
The results in all monkeys were similar in spite of small differences in the extent of lesions. In one monkey (I), the flocculus was completely ablated and only small portions of the caudal aspects of the dorsal paraflocculus were preserved. In the other three monkeys, nubbins of the most anterior lobules of the flocculus were preserved with varying amounts of the dorsal paraflocculus. In all four animals, the ventral paraflocculus appeared to be completely ablated. (While each animal had portions of the paraflocculus removed in addition to the flocculus, 882 ZEE, YAMAZAKI, BUTLER, AND GijCER we will use the term flocculectomy to describe our animals' operation.)
No animal showed any gross or histological evidence of damage to the brain stem or vestibular nerves. We could not be sure of any striking retrograde degeneration of neurons within the inferior olive. Figure 1 shows the extent of lesions in the animal with the least complete ablation (monkey 3).
Vestibuloocular
responses The VOR was mildly affected by flocculectomy; only small changes in gain and phase appeared after the operation.
Figure 2 depicts the effects of flocculectomy on VOR gain measured in darkness at several different frequencies and in response to a velocity step. The values for stimulus amplitudes between 25 and 45"/s are depicted, Both higher (45-6O"/s) and lower ( lo-25"/s) amplitudes were also used but the VOR gain was independent of stimulus amplitude in the range we tested. The standard deviation of the mean for different amplitudes at a given frequency was 0.04.
The effect of flocculectomy on VOR gain was unpredictable. Measured 6-8 days after surgery, the VOR gain for velocity steps increased in one animal (I) to 1 l 17 ( Fig. 2A) , decreased in another (3) to 0.62, (Fig. 2C) , and did not change significantly in the other two. At 0.05-Hz oscillation, all monkeys had higher VOR gain measurements after flocculectomy but this may be due to an additional contribution to eye velocity from the centripetal drift of gaze-paretic nystagmus. When measured prior to death, the VOR gains in darkness were still abnormal; for steps, monkey 1 had a gain of 1.12 t 0.08 (SD) and monkey 3, 0.67 -+ 0.05 (SD).
All animals had symmetrical responses to ice-water, caloric stimulation both pre-and postoperatively.
After surgery, one monkey (3), which also had a decreased VOR gain, showed a drop in maximum slow-phase velocity from 120 to 8O"/s. The caloric responses of the other monkeys were unchanged. All monkeys showed appropriate reversal phases of caloric nystagmus both before and after surgery.
When animals were rotated with the lights on, VOR gains were closer to 1.0. However, for steps the value for monkey I was still increased ( 1.08 +-0.08 (SD)) and for monkey 3 decreased (0.84 * 0.10 (SD)).
All four monkeys had VOR gains well above one (range, 1.08-1.12) during oscillation at 0.05 Hz in the light.
Visual-vestibular conflict was studied by rotating monkeys viewing a chair-fixed optokinetic drum. At 0.25 Hz percentage suppression dropped from a preoperative average of 5 1% (range, 36-62%) to a postoperative value of 20% (range, 13-35%). The ability to use vision to dampen caloric nystagmus was likewise decreased in each animal. The percentage suppression dropped from a preoperative average of 78% (range, 68-9 1%) to a postoperative value of 40% (range, 30-68%).
VOR PHASE.
Preoperatively the mean phase lead in darkness for 0.05 Hz was 2.0° (range, 0.0~LOO). No phase shift was observed in the light. Postoperatively two monkeys (I and 2) showed a significant (Student's l test, P < 0.01) but small increase in phase lead; 9.5 and 12.0° in darkness and 8.5 and 11.0' in the light, respectively.
In response to a velocity step in darkness (peak head velocity, lo-2O"/s), after 10 s of rotation slow-phase velocity had not dropped from its initial value by more than 50%.
Smooth tracking SMOOTH
PURSUIT.
Flocculectomy significantly impaired the animal's ability to smoothly track moving targets either with the head still (smooth pursuit) or moving (cancellation of the VOR). A typical record of smooth pursuit before surgery is shown in Fig. 3A . Tracking was smooth and the pursuit gain (eye velocity/target velocity) was 0.95 or better (range, 0.95-0.98 for all four monkeys). Postoperatively ( Fig. 3B ), the eye-position trace was punctuated by corrective saccades because smooth eye movements were too slow. For target velocities between 25-45"/s, pursuit gain dropped to an average value of 0.64 (range, 0.50-0.79) (Fig. 4) . Tracking was impaired to the same degree over the entire range of velocities tested (lo-6O"/s) except in two animals with pursuit gains 10% greater at target velocities of IO-2O"/s.
All animals still had a pursuit deficit just prior to death although the average gain had increased to 0.78 (range, 0.66-0.84) (Fig. 4) . Most of the improvement was recorded in the first few postoperative weeks, Vertical pursuit was also impaired although we were limited to comparing max- imum smooth eye velocity as the monkey attempted to follow a rapidly moving raisin or water bottle. Preoperatively maximum smooth eye velocities varied among animals from 55 to 84"/s for upward tracking and from 63 to 115"/s for downward tracking. After flocculectomy the maximum velocity decreased to an average of 34% of the preoperative value for upward tracking (range, 19-40% for all animals) and to 40% for downward tracking (range, 29-59%).
VOR CANCELLATION.
Smooth tracking during combined eye-head movements was tested by requiring the animal to fixate a small target rotating with its head during en bloc passive rotations. Typical pre-and postoperative records are shown in Fig. 5 . Before surgery, cancellation was nearly perfect (VOR gain < 0.05) and the monkey could hold the image of the target on the fovea in spite of rotation of the head (Fig. 5A) . Postoperatively, cancellation was inadequate so that slow phases of vestibular nystagmus occurred and drove the eyes in the direction opposite to head rotation (Fig. 5B) , Thus corrective saccades were necessary to offset the slow phases, which took the eyes away from the target. Actually, corrective saccades often moved the eyes beyond the primary position into a position in the orbit in the same direction as head rotation (the anticompensatory direction). This put the position of the eye in space (gaze) in front of the target. The image of the target was then brought onto or slightly beyond the fovea by the inadequately canceled vestibular slow phase (Fig. 5B) . Why the monkey adopts this predictive strategy is not known although it might allow more time for the image of the target to lie on or near the fovea. During pursuit with the head still, corrective saccades may also have moved the eyes ahead of the target but, since we monitored target velocity not position, the absolute relationship between the positions of the eye and target was not known. VOR cancellation and smooth pursuit were compared by computing a cancellation gain VOLlc = 1 -woR,x/vo%ark) where VORfi, is the gain during fixation of a target rotating with the head and VORdark is the gain in darkness. This cancellation gain takes into account the strength of compensatory eye movements against which cancellation must be performed. Just as pursuit, VOR cancellation was affected over the entire range of velocities tested ( lo-6O"/s) with slightly improved performance at lower velocity stimuli. Cancellation ability improved moderately during the first few postoperative weeks. Initially, in two monkeys (2 and 3), the cancellation gain was greater than pursuit gain (Fig. 4) but after the first few postoperative weeks no significant differences were noted.
Optokinetic responses
Typical pre-(solid line) and postoperative (data points) responses to a constant-velocity drum rotation are depicted in Fig. 6 . The normal response consists of an initial jump in slow-phase eye velocity to about 60% of its maximum value, followed by a slower rise (5-15 s) to a steady state when eye velocity nearly matches stimulus velocity. When the drum is stopped with the light on, a brief afternystagmus occurs, usually lasting about 10 s. However, if the light is turned off dur-BUTLER, AND GOCER ing rotation, a prolonged optokinetic afternystagmus (OKAN) ensues, usually lasting 1-2 min, and is often followed by a reversal phase. The initial slow-phase velocity during OKAN in darkness is usually 5-10% lower than the prior steady-state value. Table 1 summarizes the effects of flocculectomy on OKN. Most striking was a decrease (50% on average) in the initial slow-phase velocity of OKN but with only a small (I 2% on average) drop in the final steady-state velocity. Eye velocity usually rose more slowly, taking from 15 to 60 s to reach the steady-state value. The duration of OKAN in the light nearly doubled after flocculectomy but the time course of OKAN in darkness did not change. The initial value of OKAN in darkness was usually slightly less (5-10%) than the steady-state value reached during stimulation but in monkey 1 (the animal with an increased VOR gain) the initial value of OKAN was occasionally the same or even slightly higher (5-10s) than the steady-state value.
In two monkeys (3 and 4) we recorded responses to higher velocity stimuli (up to 180*/s) in the postoperative period only. Maximum velocities of OKN were 70 and 100*/s (normal range, 120-180*/s) and the maximum initial velocities of OKAN were 60 and 65"/s (normal range, 85-110*/s), respectively. Before surgery our animals showed minimal drift in darkness (maximum of 2*/s horizontally and 3*/s vertically) that was relatively independent of the position of the eye in the orbit. Postoperatively, each animal could not hold eccentric positions of gaze in the horizontal plane with consequent gaze-paretic nystagmus (Fig. 7) . The velocity of centripetal drift usually decreased as the eye approached the primary position and the slowphase waveform often appeared to decay exponentially.
Each monkey appeared to have a neutral zone toward which the eyes drifted. In darkness, the zone was not more than a few degrees wide and was located within 5* of the primary position with the exception of monkey 3, in which the neutral zone was initially located at about 20° right. However, in this monkey the zone moved to 10' right within a few days and eventually returned to near the primary position. The neutral point did wander, but not by more than 5", even while recording spontaneous eye movements in complete darkness for testing periods as long as 90 s, As. will be discussed below, however, a prolonged period of eccentric fixation could transiently shift the neutral point (rebound nystagmus).
Since the centripetal drift rate decayed almost exponentially, a time constant could be estimated for the movement. Measured in the first few postoperative weeks, the average value of the time constant of centripetal drift was 1.56 s (range, 1 l 1 O-Z.14 for all animals). The time constants were independent of how far the eyes were from the neutral point. During fixation in the light, gaze-paretic nystagmus was also evident but the centripetal drift was attentuated.
For example, when measured in the third postoperative week, the time constant for monkey 1 increased from 1.86 s in darkness to 2.76 s in the light. With time, all monkeys improved their ability to hold eccentric fixation, so that by the time of sacrifice the time constant in darkness had nearly doubled to an average value of 3.06 s (range, 2.16-4.00).
DOWNBEAT NYSTAGMUS.
After flocculectomy, all monkeys developed downwardbeating nystagmus during fixation in the primary position (Fig. 8) gaze-slow-phase velocities rising to 1 O-increased on upward gaze from l-2"/s in 3O"/s at 20* down. On far upward gaze the the primary position to 7"/s at 20' up. Fureyes would drift downward (Fig. 8) . In these thermore, in complete darkness, the wavethree monkeys the slow-phase waveform in form of the vertical slow phases was often complete darkness showed an exponential exponentially increasing (Fig. 9A) . In all decay with a neutral point well above the monkeys, the vertical drift velocity inprimary position (Fig. 9B) . In contrast, slow-creased, typically by a factor of two, in comphase velocity in monkey 3 during fixation plete darkness. In the horizontal plane, all monkeys showed rebound nystagmus. On attempting to hold an eccentric position of gaze, the slow-phase velocity of centripetal drift diminished. Then, on return to the primary position, a transient rebound nystagmus appeared with slow phases directed toward the prior eccentric position of gaze.
Saccades
Flocculectomy produced no striking change in saccadic velocity. For example, the average mean peak velocity for 10" horizontal saccades preoperatively was 53O"/s the slower time course of the drift of gazeparetic or rebound nystagmus. Postsaccadic drift has been attributed to an incorrect ratio between the pulse and step of innervation that create saccades (42). To quantitate drift, a pulse-step ratio was determined by comparing the amplitude of the initial rapid portion of the saccade produced by the pulse with the total size of the movement produced by the step. The pattern of postsaccadic drift was variable from monkey to monkey and appeared to depend both on the direction of the saccade and the position (Table 2) . Postoperatively, the pulse-step ratios varied from 0.87 to 1.06 (preoperative range, 0.98-X.01). In the horizontal plane, the eyes usually drifted onward. In the vertical plane, drift was usually onward (Fig. 1OB ) but one monkey (I) had significant backward postsaccadic drift (Fig. 1 OC) . Values are pulse-step ratio t SD (n > 8 During rotation with a head-fixed visual scene, our flocculectomized monkeys were unable to attentuate their VOR appropriately.
Likewise, visual suppression of caloric nystagmus and of OKAN were also impaired. These paradigms (and fixation suppression of postrotatory nystagmus) are comparable since, in each case the vestibular nuclei signal an apparent head rotation, yet there is no change in the position of the head with respect to the visual scene. Interpretation of these abnormalities in visual suppression of inappropriate vestibular nystagmus is confounded by the existence of two and possibly three different types of visual following reflexes in foveate animals (49). Monkeys have a smooth-pursuit system that is used to track small, moving targets, a full-field optokinetic system used to supplement vestibular nystagmus and, perhaps, a separate, full-field stabilization system used to null unwanted ocular drift during attempted fixation. Thus, when a normal monkey is rotated with a chair-fixed optokinetic drum or even during full-field optokinetic stimulation alone (vide infra), all three systems could be stimulated and contribute to the nystagmus response. Without a fixation target of interest monkeys obviously do not use their full suppresion capability. Even at a frequency as low as 0.05 Hz, suppression is only about 50% yet they can completely cancel their VOR when fixating a target rotating with the head. Thus, is the partial VOR suppression recorded during rotation with a head-fixed visual scene due to "involuntary" or "inattentive" smooth pursuit or to the action of other, full-field image-stabilizing reflexes? Rabbits have no, and cats little, pursuit capability yet each can effectively use vision to modulate its VOR in a visual-vestibular conflict paradigm. In these animals, too, flocculectomy impairs this ability (18, 48). Since we cannot be sure about the division of labor among visual following systems during full-field retinal stimulation in the intact monkey, it is even more difficult to apportion the functional deficits created by lesions to different visual following systems.
Smooth tracking
Flocculectomized monkeys are unable to track correctly small targets either with the head still (smooth pursuit) or moving (cancellation of the VOR). In the horizontal plane, we were able to quantitate both pursuit and cancellation and the abnormalities were largely comparable. Thus, our findings are capatible with the idea that the flocculus participates equally in horizontal smooth pursuit and cancellation of the VOR.
While the smooth-tracking deficits in our flocculectomized monkeys were only partial, they were nonetheless significant. In particular, the 33% drop in closed-loop gain (from 0.95 to 0.64) implies a much more significant alteration in internal signal processing. In a negative-feedback control system, the equivalent open-loop gain would have to drop by 90% to produce the observed change in closed-loop performance. 
EXTRAFLOCCULARPURSUIT.
Whywerethe pursuit deficits observed in our monkeys less than that of the completely cerebellectomized monkey (42)? Either total removal of the cerebellum has a nonspecific, depressant effect on brain stem pursuit mechanisms or cerebellar structures outside of the flocculus also participate in pursuit. While nubbins of the anterior flocculus were intact in three animals, their average pursuit gain did not differ from the animal with total removal of the flocculus. It is unlikely that residual flocculus accounts for the remaining pursuit function.
Those portions of the vestibulocerebellum we did not ablate-uvula, nodulus, and portions of the paraflocculi-must be considered possible loci for pursuit function. The paraflocculus is a likely candidate since H. Noda (personal communication) has found the same types of Purkinje cells within the paraflocculus that have been recorded in the flocculus. In fact, we do not really know the effects of oculomotor removal of the flocculus alone, and the portions of the paraflocculus we ablated may normally participate in generating pursuit eye movements.
Furthermore, lesions of the nodulus have been reported to affect both high-velocity optokinetic following ( 16, 52) and visual suppression of caloric nystagmus (50), im- plying a possible pursuit deficit. It may be that the flocculus, paraflocculus, and nodulus are all required for smooth pursuit and that only removal of large amounts of all these structures can cause a complete deficit in pursuit. Outside the vestibulocerebellum the lateral hemispheres and anterior-superior vermis conceivably could participate in pursuit as well. However, partial lesions of the lateral lobes do not affect visual suppression of caloric nystagmus of OKN (50, 52) and dorsal vermis lesions leave pursuit intact (42).
The flocculus receives afferent fibers from a variety of structures including the inferior olive, vestibular nuclei, perihypoglossal complex, the abducens nucleus, accessory optic system, the nucleus reticularis tegmenti ponti (NRTP), and the pontine nuclei (26, 6 1). Many of these structures could relay the information about target motion (12, 15, 22, 36) and eye and head velocity (22, 3 1, 37, 55) needed for pursuit.
Floccular efferent pathways include a significant projection to the dentate nucleus. Recently, Chubb and Fuchs (6) reported that neurons within the dentate nucleus and the adjacent Y group discharge in relationship to vertical smooth pursuit and cancellation. Most units are related to upward tracking-in contrast to the flocculus, where vertical Purkinje cells usually discharge for downward tracking. The directional preference of Purkinje cells in the paraflocculus has not been reported. Chubb and Fuchs suggested that the flocculus may generate downward smooth-tracking eye movements by inhibiting neurons within the dentate nucleus and Y group. We were unable to quantitate vertical pursuit gain in our monkeys but did find that maximum pursuit eye velocity was decreased during tracking in both vertical directions.
The flocculus also projects to the vestibular nuclei and perihypoglossal complex. Since cells that receive a gaze-velocity signal have not yet been identified in the vestibular nucleus (23, 53), the perihypoglossal complex is a possible target for floccular pursuit commands.
Furthermore, Eckmiller and Mackeben (8) have reported neurons lying inferior to the abducens nucleus that discharge in relationship to eye velocity during pursuit with the head still. What these neurons do during cancellation is not yet known.
To sum up-while the flocculus and possibly paraflocculus definitely play a pivotal role in generating smooth eye movements for visual tracking-the anatomical and functional details of their relationship to brain stem pursuit mechanisms remain obscure.
Optokinetic responses
The changes in optokinetic responses induced by flocculectomy can be best interpreted using current hypotheses of the generation of OKN in the normal primate (7, 14, 30,49,69). The initial rise in eye velocity that occurs in response to a constant-velocity stimulus has been attributed to a rapid, "direct" visual pathway (7) that may actually reflect the contribution of the pursuit system to slow-phase velocity during optokinetic stimulation (49, 69). It is usually about 60% of the steady-state value.' The simplest interpretation of our data is that initial eye velocity during optokinetic stimulation drops after flocculectomy because of the coexisting pursuit deficit.
Following the initial jump in eye velocity there is a slower climb to a steady-state value that nearly matches drum velocity. This component of the monkey's optokinetic response probably reflects the action of what is usually called the optokinetic system in afoveate animals. This is a full-field visual following reflex that normally acts in concert with the VOR to ensure that compensatory eye movements are produced during head movements of all frequencies. In primates, which also have a pursuit system, the action of the optokinetic system is perhaps best reflected by OKAN in darkness when pursuit can no longer act (69 An important element in vestibular-optokinetic interaction is "velocity storage" (44); a neural mechanism by which central vestibular networks can accurately estimate head velocity when the cupula signal becomes unreliable-during and after low-frequency head rotations. The velocity storage element is responsible for the slow buildup of OKN, for OKAN, and for the increase of the VOR time constant above the value predicted from cupula-endolymph mechanics alone. Since the time course of both OKAN and the VOR step response did not appreciably change in our monkeys, it appears that the velocity storage element is intact after flocculectomy-at least within the range of stimulus velocities used in our study.
Our monkeys did show, however, a prolonged rise time from the onset of the optokinetic stimulus to the steady state. This finding could reflect an alteration in the mechanism by which visual information is imparted to the velocity storage element. In fact, Keller and Precht (24) have shown that vestibular neurons in flocculectomized cats do not respond as well to large amounts of retinal slip during optokinetic stimulation.
HIGH-VELOCITY OKN.
Our animals also showed a deficit in the ability to generate high-velocity OKN, as has been previously reported (5 1) . In normal monkeys, OKN as high as 18O"/s can be generated, yet OKAN saturates at about lOO"/s. The difference is presumably made up by the pursuit system. Therefore, our monkeys' pursuit deficit would also impair their ability to generate highvelocity OKN. However, the upper limit of the velocity of OKAN was also decreased in our monkeys-a finding not accounted for by a pursuit deficit. Furthermore, cats, which normally have an insignificant pursuit contribution to their OKN, also show deficits in high-velocity OKN after flocculectomy (24). These results suggest that the contribution of the vestibular nuclei to the optokinetic response is also attenuated after flocculectomy-an hypothesis that would be tested by recording activity of vestibular neurons in alert, flocculectomized monkeys during optokinetic stimulation. Recently, Waespe and Henn (57) have recorded from Purkinje cells in the monkey flocculus during optokinetic and vestibular stimulation. They reported activity from a restricted group of cells that were selected for analysis because their discharge modulated during optokinetic stimulation or in a visual-vestibular conflict paradigm. It was not ascertained if these same cells also discharged in a relationship to gaze velocity during smooth tracking of small targets. Waespe and Henn found that the Purkinje cells they studied modulated only during high-velocity optokinetic stimuli or after a sudden change in drum velocity. These units usually did not modulate significantly during pure vestibular stimulation or OKAN. During vestibular-visual conflict the Purkinje cells would change firing rate whenever the nystagmus was inappropriate-i.e., either too slow or too fast, to match the visual displacement.
These results are what one would predict if Waespe and Henn (57) were actually recording from the same gaze-velocity Purkinje cells that have been reported by others (28, 35, 39) . However, to validate this interpretation one would have to study a given Purkinje cell during both smooth pursuit and OKN.
Fixation behavior
All our monkeys showed a marked deficit in the ability to hold eccentric positions of gaze. In the horizontal plane, the eyes drifted centripetally with an approximately exponential waveform-gaze-paretic nystagmus. In the vertical plane, upward drift was present with consequent downbeat nystagmus. The waveform of vertical slow phases was exponentially decaying in three monkeys and exponentially increasing in the fourth. These gaze-holding abnormalities imply a disorder of the mechanisms by which the central nervous system generates the appropriate tonic level of innervation to hold the eyes in position after every eye movement.
NEURAL INTEGRATOR.
It hasbeenproposed that a neural gaze-holding network exists that integrates (in the mathematical sense) eye-velocity commands into appropriate position commands for the ocular motoneurons (47). This network is important for gaze holding: when fixation is desired after an eye movement it supplies appropriate tonic innervation to the ocular motoneurons to hold the eyes in position against orbital elastic restoring forces. Neural integration may occur in "push-pull" with a pair of integrators working reciprocally for each of the three planes of eye rotation.
The reliability of an integrator's performance may be judged by its time constant, which reflects the rate of decay (or leak) of its output after its input is terminated. Normal primates have an integrator time constant of more than 25 s, as measured by centripetal drift after eccentric saccades in darkness. However, cerebellectomized cats and monkeys show marked centripetal drift with an integrator time constant of only a few seconds (46, 59). Based on these findings, it has been hypothesized that the neural network that normally holds positions of gaze integrates oculomotor signals poorly without an intact cerebellum and that a function of the cerebellum is to improve the performance of an inherently poor (or leaky) brain stem neural integrator by increasing its time constant (46). Our results and those of others (5 1 Exactly how the flocculus improves the function of the leaky brain stem neural integrator is unknown.
However, we proposed an explanation (67) similar to models suggested in the past by Carpenter (5) and Kamath and Keller (21). Our scheme suggested that the flocculus increases the time constant of the neural integrator by acting on the gain of a positive-feedback loop that boosts the time constant of the inherently leaky, brain stem integrator (Fig. 11 )" Pathological alterations in the gain of the feedback loop can cause the eyes to drift off target, One can use this hypothesis to interpret the findings in the present study. If the gain is too low in the feedback loops of both int.egrators of a pushpull pair, the eyes would drift centripetally with an exponentially decreasing waveform (gaze-paretic nystagmus). If the gain is too high, the eyes would drift centrifugally with an exponentially increasing waveform. However, if the gain of the feedback loop becomes too low in just one integrator of a pair-for example, the down integratorthe eyes would always drift upward but with an exponentially decreasing waveform. On the other hand, if the feedback gain becomes too high in just one integrator of a pair-for example, the up integrator-the eyes would also always drift upward but with an exponentially increasing waveform.
These hypotheses suggest that lesions of the flocculus affect the pairs of horizontal and vertical integrators quite differently. Both horizontal integrators appear to become leaky, causing an approximately symmetrical, gaze-paretic nystagmus. This suggests that the gains in the horizontal feedback loops are markedly attentuated by floccular ablation. The vertical integrators, however, appear to be affected in a complex way such that vertical integration can be either leaky (in three monkeys) or unstable (in one monkey) but always in association with an upward drift. This requires that the up integrator be unstable or the down integrator leaky. Whichever happens would determine whether the waveform of the slow phase is exponentially increasing or decreasing and whether the nystagmus is worse on up or down gaze. Alternatively, both vertical integrators could be either unstable or leaky but with a superimposed vertical upward bias-perhaps from the vestibular (17) or pursuit system (35).
One must ask why the vertical integrators appear to be affected differently from one animal to the next. This could be due to small differences in the extent of the lesions. However, it is also possible that a function of the flocculus is to make long-term, adaptive adjustments in the state of the neural integrators much as it does for the VOR. In this way, removal of the flocculus might cause the vertical integrators to revert to a prior state of disrepair, which could, in fact, be either leaky or unstable. In the horizontal plane floccular removal apparently has a more specific effect, always causing the integrators to become leaky. poglossal nuclei create gaze-paretic nystagmus (54) and n eurons have been recorded there that discharge in relationship to eye position (31). -
Saccades
The most striking saccadic abnormality the stability of the eye at the end of the saccade. Optica ,n and Robinson ( 42) have shown that the pulse-amplitude component is controlled by the dorsal cerebellar vermis and/ or underlying fastigial nuclei. Our results suggest that the flocculus may be responsible for control of the pulse-step match. Electroin our animals was postsaccadic drift. This physiological studies in alert monkeys are finding has been attributed to a mismatch compatible with this idea since many flocbetween the phasic (pulse) and tonic (step) cular Purkinje cells also discharge in relacomponents of innervation that create sac-tionship to saccades as well as fixation (28, cadic eye movements (42). Kommerell et al. 35, 39, 40) . Furthermore, Optican et al. (43) (25) and Optican and Robinson (42) have have demonstrated that flocculectomized divided saccadic dysmetria into two components-a pulse-amplitude componen t that monkeys are u nable to adjus #t appropriately the pulse -step match in the face of experidictates the size of the saccadic pulse, and mentally induced (by optical means) posthence the accuracy of the saccade, and a saccadic image slip. pulse-step match component that dictates
One can therefore speculate that the post- operative patterns of postsaccadic drift varied from animal to animal because the ablation exposed inherent imperfections in saccadic innervation patterns that had been previously appropriately adjusted by the flocculus. This interpretation would be comparable to the proposed explanation for the unpredictable changes in VOR gain and vertical nystagmus waveforms observed after flocculectomy.
Clinical implications
The most important clinical implication of our experimental findings is that the oculomotor syndrome of the flocculectomized monkey includes most of the features shown by human patients with cerebellar degeneration (68) and patients with lesions that presumably involve the vestibulocerebellum (3, 62, 63, 66). However, it should be reemphasized that both smooth pursuit and optokinetic responses are impaired to a greater degree in both the totally cerebellectomized monkey and human patients with diffuse cerebellar degenerations. Other cerebellar structures probably participate in smooth tracking.
Likewise, downbeating nystagmus has been experimentally produced by nodulus lesions (52) and midsagittal section of the dorsal aspect of the rostra1 medulla ( 19). Gaze-paretic nystagmus too has been produced by lesions in the medial medullary reticular formation and adjacent perihypoglossal nuclei (54). Thus most cer-ebellar signs, at least individually, can also be produced by brain stem lesions. It is their occurrence in combination that suggests a cerebellar localization.
Our experimental animals did not show several oculomotor abnormalities that have been reported in both monkeys with total cerebellar ablations and patients with cerebellar disease. Perhaps the most important missing sign is saccadic dysmetria. Our flocculectomized monkeys showed no striking abnormalities in control of the size of the saccadic pulse. Presumably lesions of the dorsal cerebellar vermis and underlying fastigial nuclei create saccadic dysmetria (42, 45). Transient defects in vergence and alternating hyperdeviations on lateral gaze have also been reported in totally cerebellectomized monkeys (4, 59). These were not observed in our experimental animals although they were not specifically looked for until weeks after the ablation.
